In this study, the effects of the various parameters of spinning and drawing processes on the properties of polyester full drawn yarn (FDY) prepared by steam processing during high-speed spinning were investigated using several techniques. The wet shrinkage ratio of the FDY was able to be manipulated by controlling the temperature and draw ratio. The FDY made using the steam high speed spinning technique exhibited identical properties (such as tenacity, elongation, and wet shrinkage ratio) to that of regular FDY, made using the spin-draw process. FDY prepared using the steam process during high-speed spinning showed excellent dyeability. The dye pick-up of the polyester yarn spun at high-speed spinning was found to be improved when dyed under an atmospheric pressure of 100 o C. This result was the same as regular FDY dyed under a high pressure of 130 o C.
Introduction
In general, fiber formation methods can be divided according to spinning forms: fusion spinning, dry spinning, wet spinning, and dry-wet spinning. Among these, fusion spinning is the simplest process for thermoplastic resins. 1 Recently, high-speed spinning has received substantial attention from two viewpoints: improved productivity in industry and the altered physical properties of fibers. Much of the recent research in this field has been concerned with the structure of poly (ethylene terephthalate) (PET) fibers spun using fusion spinning and a spinning speed above 5000 m/min. Researchers have studied the phenomenon of high-speed spinning and the changes in fiber structure which result from it. [2] [3] [4] [5] [6] [7] [8] [9] High-speed spinning is distinguished by two traits: the crystallization promoted by macromolecule orientation and a necking phenomenon which occurs during spinning. [2] [3] [4] [5] In early studies in this field, Penning et al. first investigated the orientation crystallization of the macromolecule. Their research focused on the morphology of the macromolecule and crystallization dynamics in the orientation crystallization. [6] [7] [8] [9] Ultra-high-speed melt spinning is a field of fusion spinning which prepares the structurally advanced fibers from orientation crystallization of macromolecule at high speed and high extension. In the spinning process, macromolecule orientation and orientation-induced crystallization form simultaneously under a high extension stress. This method can produce fibers that have excellent physical properties without using elongation and heat treatment processes. 10 In this study, polyester full-drawn yarn (FDY) was prepared using an ultra-high-speed melt spinning technique, and the effects of spinning conditions on the properties of fibers were investigated using several techniques.
Experimental
Materials. Terephtalic acid (TPA), isophthalic acid, and ethylene glycol used in this study were purchased from Aldrich. Antimony trioxide and trimethyl phosphate were used as a catalyst and antioxidant, respectively, and were also supplied by Aldrich. The copolyester was synthesized according to a method reported in a previous work.
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Synthesis of copolyester. Terephthalic acid (166.1 g, 1 mol), isophthalic acid (5.0 g, 0.03 mol), and ethylene glycol (63.4 g, 1.03 mol) were placed in a 500 mL reactor equipped with a mechanical stirrer, thermometer sensor, and reflux condenser. The mixture was gradually heated to 200 o C and reacted for 3 h. Antimony trioxide (2 g) and trimethyl phosphate (1 g) were added to the mixture, which was gradually heated to 270 o C and reacted for 2 h. Finally, chip-type melting materials were obtained (yield: 91.3%). Mn: 15000 g/mol, PDI: 1.09. FT-IR (KBr; ν, cm High-speed polyester FDY spinning. The high-speed polyester FDY was prepared using an ultra-high-speed melt spinning technique equipped with a steam chamber at spinning speeds ranging from 3000 to 6500 m/min, a drawing ratio of 5800 m/min, and steam pressures ranging from 5 to 10 kg/cm 2 . See Table 1 
where W 0 and W 1 are the weight of the sample before and after alkali treatment, respectively. The fibers were shaped into a hoop form and hung on a 0.7 g clip, and then the length (L 1 ) of the hoop was measured. The hoop was placed in a glass tube in a damp contraction percentage measurement device and dipped at 100 ± 1 o C for 30 min. The hoop was taken out of the tube, and after 2 h, the length (L 2 ) of the hoop was measured. The shrinkage was calculated according to the following equation.
A tensile test was conducted using an Instron mechanical tester (Fafegraph-M and Textecho Co., Germany) at a temperature of 25 o C and a relative humidity of 65%. The specimen length was 100 mm and the tensile speed was 200 mm/min. All mechanical property values were obtained by averaging ten experimental values.
The birefringence was measured using a polarization microscope (Zeiss, Germany). The angle between the fiber and the polarized light ruler was 45 o , and the light wavelength was 546 mm. The birefringence was calculated using the following equations:
where R is the natural value, λ is the wavelength, θ is the rotation angle of the analyzer, and d is the thickness of the specimen. The density of the specimen was measured using a density grade tube (Shibayama density gradient column, Japan) using carbon tetrachloride (density: 1.59)/hexane (density: 0.68) as a mixture solvent at 23 o C. To evaluate the dyeing quality, Lumacron Black SE-3G was used as a dye. A 2% dye (fiber weight was used as a base) was diluted to a liquid ratio of 1:20. The samples were dyed at 100 o C for 30 min and then washed with distilled water at 80 o C for 10 min. The surface color difference (K/S) of the samples was calculated using equation (6) .
where R is reflexibility, K is the light absorption, and S is the scattered coefficient at a given wavelength.
Results and Discussion
Effects of spinning conditions. Figure 1 shows the effects of spinning conditions, namely, tenacity, elongation, birefringence, wet shrinkage, density, crystallinity, heat of fusion during melting (ΔH m ), and heat of fusion during cooling (ΔH c ), on the properties of polyester FDY. As seen in Figure 1 , tenacity increased and elongation decreased with increasing spinning speed. The values of wet shrinkage, crystallinity, ΔH m , and ΔH c varied significantly at a spinning speed of about 4000 m/min. 12 These results demonstrate the importance of process factors that control fiber microstructure above 4000 m/min. Figure 2 shows the tenacity, elongation, Young's modulus, birefringence, and wet shrinkage ratio of polyester FDY as a function of spinning temperature. Tenacity did not significantly vary with increasing spinning temperature. When the spinning temperature was increased, elongation increased, and Young's modulus and birefringence decreased. These results indicate that the crystal size varied with decreasing internal crystallinity. 13, 14 The wet shrinkage ratio increased as the spinning temperature was increased up to 300 o C, which was due to the reduced orientation and crystallinity. Conversely, the wet shrinkage ratio decreased when the temperature rose above 300 o C. This can be attributed to the decomposition of polyester, which results in a polyester with a lower molecular weight. Table 2 shows tenacity, elongation, and shrinkage as functions of the draw ratio. As shown in the table, tenacity decreased and elongation increased when the draw ratio was decreased or the first godet roller (G/R) speed was increased. These results can be attributed to variation in the internal crystal size, the degree of molecule chain orientation, and the crystals in the amorphous region inside the fibers. The wet shrinkage did not vary significantly with a draw ratio decreasing to 1.478, below which it dropped suddenly. Figure 3 shows the thermal properties of high-speed polyester FDY prepared by on-line steam treatment as a function of the first G/R speed. As can be seen, the melting point shifted to higher temperatures as the first G/R speed increased. This can be attributed to the increase in spinning stress with increasing first G/R speed, which increased the internal crystal structure density of the fiber. 12 The fusion heat increased with increasing 1st G/R speed up to 4100 m/min, and it exhibited a constant value up to 5000 m/min, beyond which it decreased. Figure 4 shows the effect of the draw ratio on the weight reduction of high-speed polyester FDY treated with NaOH solution. The weight reduction increased as the first G/R speed and treatment time were increased. The crystallinity also increased with increasing first G/R speed. In contrast, the orientation degree decreased as the draw ratio decreased, and the molecule chain density in the amorphous region was decreased by hydrolysis of alkali. Thus, the internal amorphous region of the fiber was easily infiltrated, which allowed the transfer by hydrolysis to occur with ease. Properties of polyester yarns prepared by the ultra-high-speed melt spinning technique. Table 3 shows the physical properties of polyester FDY produced with steam pressure ranging from 5 to 10 kg/cm 2 . As shown in the table, tenacity increased and shrinkage decreased with increasing steam pressure. These results are similar to those of regular FDY prepared using the G/R heat treatment method, where the shrinkage decreased as the heat treatment temperature was increased. The results indicate that the shrinkage range of polyester FDY can be controlled with the use of steam pressure. under the same conditions. This result can be attributed to the high degree of crystal orientation of polyester FDY prepared using the spin-draw process. The polyester FDY prepared by the HOY process had a high crystal degree and a low degree of orientation in the amorphous region; thus, alkali hydrolysis easily occurred, resulting in a greater weight reduction. Table 4 shows the properties and quality of the high-speed polyester FDY prepared using on-line steam treatment under each processing condition. The amount of fluff showed a stabilized result up to a draw ratio of 6100 m/min, beyond which it increased suddenly. The loop occurrence increased as the first G/R speed was increased. The amount of fluff decreased and the loop occurrence increased with a decraesing draw ratio. fluff in ultra-high-speed spinning of polyester FDY. Table 6 shows the correlation of spinning tension and oil scattering as a function of first G/R speed. As shown in the table, the spinning tension increased as the first G/R speed was increased. In addition, the tension deviation between the spinning ends increased and the degree of oil scattering decreased above 5500 m/min. Figure 6 shows the K/S value of ultra-high-speed polyester FDY prepared by on-line steam treatment as a function of spinning speed. As shown in the figure, the K/S value of high-speed polyester FDY is higher than that of regular SDY. The tension applied to the polyester FDY spun at ultra-high speed increased, and relatively large crystals formed, resulting in an increase in the degree of adsorption of pigments. The K/S value of ultrahigh-speed polyester FDY increased with increasing first G/R speed up to 5000 m/min. Figure 7 shows the crystallinity of polyester FDY prepared at various first G/R speeds. The crystallinity of polyester FDY increased as the first G/R speed was increased. Conversely, the K/S value of ultra-high-speed polyester FDY did not increase significantly above 5000 m/min. When the winder speed was constant and the first G/R speed was increased, the spinning tension increased and the crystallinity also increased, whereas the degree of molecular orientation in the amorphous region decreased. Thus, the permeation of the dye did not increase. 16 The absorption behavior of polyester FDY was investigated by measuring the dye pick-up rate, and the results are shown in Figure 8 . The dye pick-up rate of FDY produced by on-line steam processing is higher than that of HOY FDY or SDY FDY under the same condtions. All FDY showed the highest dye pickup rate at 100 o C. In the FDY produced at high first G/R speed by on-line steam processing, the internal crystal size and the amorphous region around the crystals increased; thus, the dye absorption was easily inceased. shown in Figure 9 (a). As shown in Figure 9 (b), the K/S value of high-speed FDY with a carrier at a dying temperature of 100 o C is lower than that of regular FDY at 130 o C, which indicates an excellent propensity for dyeing. This dyeing characteristic results in a high amount of dye absorption and an increase in the percentage of the yarn's internal amorphous region (or an increase in the unit size of the amorphous region). In addition, there is an increase in the amount of dye absorption per dyeing site in the amorphous region resulting in a deeper color.
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Conclusions
The effects of spinning conditions on the properties of polyester FDY prepared using an ultra-high-speed melt spinning technique were investigated. The values of wet shrinkage, crystallinity, ΔH m , and ΔH c varied significantly at a spinning speed of around 4000 m/min. Elongation increased, and Young's modulus and birefringence decreased as the spinning temperature was increased. Tenacity decreased and elongation increased when the draw ratio was decreased or the first G/R speed was increased. The tenacity of polyester FDY increased and shrinkage decreased with increasing steam pressure. Crystallinity increased as the first G/R speed was increased. The K/S value of polyester FDY with or without a carrier was higher than that of regular FDY, which indicates an excellent dyeing characteristic.
